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a b s t r a c t
In mammals, hair cells may be damaged or lost due to genetic mutation, infectious disease, chemical
ototoxicity, noise and other factors, causing permanent sensorineural deafness. Regeneration of hair cells
is a basic pre-requisite for recovery of hearing in deaf animals. The inner ear stem cells in the organ of
Corti and vestibular utricle are the most ideal precursors for regeneration of inner ear hair cells. This
review highlights some recent ﬁndings concerning the proliferation and differentiation of inner ear stem
cells. The differentiation of inner ear stem cells into hair cells involves a series of signaling pathways and
regulatory factors. This paper offers a comprehensive analysis of the related studies.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Cochlear hair cells are terminally differentiated cells that serve as
mechanosensory receptors converting sound stimuli into electric
signals (Savary et al., 2008). These hair cells are susceptible to damage
from noise trauma, aging and aminoglycoside ototoxicity, while
their non-sensory supporting cell counterparts are substantially more
resistant to these factors (Batts et al., 2009). Loss of hair cells in higher
vertebrates appears to be non-reversible and leads to permanent
hearing loss. The terminal mitosis of hair cells and supporting cells in
the mammalian cochlea occurs during middle embryonic develop-
ment (Lou et al., 2007). After birth, the regenerative capacity
of mammalian hair cells is very limited, with little capacity for
differentiation into new hair cells after auditory hair cell injury
(Bermingham-McDonogh and Reh, 2011). In contrast, ﬁshes, amphi-
bians and birds have an incredible ability to regenerate damaged hair
cells through direct and indirect trans-differentiation of supporting
cells (Bodson et al., 2010). This huge difference prompts a strong
interest in the study of the mechanisms of hair cell generation, which
provides a basis for hearing recovery.
In mammals, although the damaged auditory hair cells are not
spontaneously replaced, transplantation of inner ear stem cells into
the otic vesicles can generate new hair cells (Li et al., 2003). In
addition, some recent studies showed that the surviving supporting
cells in mammals could be forced to trans-differentiate into new hair
cells (Batts et al., 2009; Sinkkonen et al., 2011). The differentiation of
inner ear stem cells and trans-differentiation of supporting cells are
regulated by a series of speciﬁc genes and signaling pathways
(Magarinos et al., 2012; Okano and Kelley, 2012), such as cell cycle
inhibitors, the pro-hair cell gene Atoh1 (used to be referred to as
Math1), the Notch signaling pathway. Modiﬁcation of regulatory
genes and signaling pathways in the cochlea of a deaf animal may
be an effective way to regenerate hair cells.
Inner ear stem cells can be isolated from the cochlear organ of
Corti, as well as the vestibular sensory epithelia (Li et al., 2003; Oshima
et al., 2007; Savary et al., 2007, 2008; Wang et al., 2006). These cells
are capable of self-renewal and have multipotentials of differentiation.
A hallmark of these multipotent stem cells is their ability to form
spheres (Oshima et al., 2007). The spheres can be passaged and give
rise to hair cell-like cells with functional features that are distinctively
similar to nascent hair cells in vivo and in vitro. The differentiation
mechanism of inner ear stem cells into hair cells is becoming
increasingly clear, making it possible to treat sensorineural deafness.
Tissue origin of inner ear stem cells
Stem cells are a class of cells with the capacity for self-renewal
and differentiation into a variety of cell types. Stem cells have been
found in a number of organs, including the central nervous system,
blood, skin and eye (McKay, 1997; Osawa et al., 1996; Toma et al.,
2001; Tropepe et al., 2000). In 2003, inner ear stem cells were
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isolated from adult mouse utricle maculae sensory epithelium (Li
et al., 2003) (Fig. 1B and F). These cells were cultured in a plastic
Petri dish for 8 days with serum-free DMEM/high-glucose and F12
medium (mixed 1:1) supplemented with N2, B27 and growth
factors, and formed spheres. These spheres expressed Pax-2, bone
morphogenetic protein (BMP)-4, BMP-7 and Nestin, a combination
of markers for the developing inner ear (Oshima et al., 2007).
To determine whether sphere cells were generated by mitosis, Li
et al. (2003) used the thymidine analog 5-bromo-20-deoxyuridine
(BrdU) to label mitotically active cells during sphere formation.
However, BrdU labeling of all cells in the spheres does not
necessarily imply clonal relationship, unless the sphere started
out as a single cell. Therefore, they also plated a single inner ear
stem cell into a well in 96-well plate and monitored each well
microscopically for the presence of a single cell, which conﬁrmed
that the spheres were generated by a single cell proliferation.
Therefore, these cells were termed inner ear stem cells. Inner ear
stem cells were also isolated from the organ of Corti (Oshima et al.,
2007), greater epithelial ridge (GER) (Zhang et al., 2007), lesser
epithelial ridge (LER) (Zhai et al., 2005) (Fig. 1D), vestibular
sensory epithelium (Hu et al., 2012; Li et al., 2003) (Fig. 1F) and
the cristae of the three semicircular canals (Li et al., 2003; Oshima
et al., 2007) (Fig. 1A and B). In Fig. 1, we point out the location of
inner ear stem cell in the cochlea (Fig. 1). These stem cells are
capable of self-renewal and have multiple potential routes of
differentiation. Inner ear stem cells derived from different species
and tissues express speciﬁc markers, such as Table 1. In mice, the
sphere formation ability in the cochlea decreases by 100-fold
during the second and third postnatal weeks. The inner ear
stem cells of the cochlea can only be isolated in the ﬁrst week.
Fig. 1. Demonstrated sources of inner ear stem cells in the inner ear. (A) The inner ear after removal of the bulla and surrounding tissue. The asterisk (n) indicates the
cartilage overlying the utricle. S-SCC¼superior semicircular canal, P-SCC¼posterior semicircular canal. (B) The utricle is exposed by fenestration of the overlying
cartilaginous plate. (C) The entire membranous labyrinth of the cochlea. (D) The triangle illustrates the cross-section of the cochlear duct. RM¼ Reissner’s membrane,
SL/SV¼spiral ligament with stria vascularis, and OC/GER¼the organ of Corti (OC) with the greater epithelial ridge (GER) and lesser epithelial ridge (LER). (E) The vestibular
maccula (utricle and saccule). (E) The vestibular sensory epithelia (Utricle and saccule sensory epithelium). The inner ear stem cells are harbored in the cochlea (organ of
Corti, LER and GER), the vestibular sensory epithelia and the cristae of the three semicircular canals. All pictures were quoted from the paper of Oshima et al. (2009).
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In contrast, the vestibular organs maintain their stem cell popula-
tion for longer periods. It is possible to isolate stem cells from
vestibular sensory epithelia up to 4 months of age (Oshima et al.,
2007).
Several growth factors promote the proliferation of inner ear
stem cells. These factors include epidermal growth factor (EGF),
insulin-like growth factor-1 (IGF-1) and basic ﬁbroblast growth
factor (bFGF). Different combinations and concentrations of these
growth factors have different efﬁciencies. Li et al. (2003) found
that EGF (20 ng/ml)þ IGF-1 (50 ng/ml)þbasic FGF (10 ng/ml) has
the greatest effect on the proliferation of inner ear stem cells.
Differentiation multipotentials of inner ear stem cells
In addition to the high proliferative capacity and formation of
spheres from a single cell, inner ear stem cells are capable of
differentiating into ectodermal cells in vivo and generating deri-
vatives of all three germ layers in vitro (Li et al., 2003).
Inner ear stem cells were induced with serum-free high glucose
DMEM/F12 medium (mixed 1:1) supplemented with N2 and B27
in a poly-L-ornithine-treated dish for 14 days. The induced cells
expressed myosin VIIA, Brn3c, P27Kip1 and Jagged1 (Li et al., 2003;
Oshima et al., 2007; Savary et al., 2007; Wang et al., 2006). Myosin
VIIA and Brn3c are hair cell markers. P27Kip1 and Jagged1 are
supporting cell markers (Cotanche and Kaiser, 2010). In addition,
the induced cells also expressed speciﬁc genes for neurons and
astrocytes (Li et al., 2003; Oshima et al., 2007). The antibodies
speciﬁc for hair cell markers, such as myosin VIIA and espin, were
used to characterize the induced cells by immunocytochemistry. It
was found that a subset of these cells not only expressed myosin
VIIA and espin, but also showed F-actin-rich protrusions and had
properties similar to hair cells with stereociliary bundles (Li et al.,
2003; Wang et al., 2006).
The interactions between stem cells and their adjacent cells
and the microenvironment of inner ear stem cells are critical for
stem cell differentiation into mature hair cells. To simulate an
in vivo microenvironment for differentiation of inner ear stem
cells into hair cells, Zhai et al. (2005) isolated hair cell progenitors
from the newborn murine LER region and co-cultured the LER cell
spheres with mesenchymal cells isolated from the utricle. They
found that the inner ear stem cells could differentiate into hair
cells and supporting cells, and co-culture of inner ear stem cells
with mesenchymal cells promoted differentiation into hair cells.
Zhang et al. (2007) isolated inner ear stem cells from the cochlear
GER and co-cultured these stem cells with mesenchymal cells
isolated from the cochlea. The inner ear stem cells could also
differentiate into hair cells and supporting cells (Li et al., 2003;
Savary et al., 2007). These results show that co-culture of inner ear
stem cells with mesenchymal cells signiﬁcantly increases the
proportion of hair cells. To assess the differentiation potential of
inner ear stem cells into hair cells in the living animal, sphere-
derived cells were grafted into the otic vesicles of chicken embryos
at stage 16–17. After 5 days, the inner ear stem cells had integrated
into the developing chicken cochlear sensory epithelium and
expressed hair cell marker myosin VIIA (Li et al., 2003). This
indicated that the sphere-derived cells were capable of differen-
tiation into hair cell-like cells in vivo.
Although inner ear stem cells can be induced into hair cells
in vitro, whether the regenerated hair cells have the characteristics
and functions of inner and outer hair cells should be examined
further. In addition, the promotion of hair cell differentiation
through in vivo induction of inner ear stem cells, or in vitro co-
culture with mesenchymal cells, shows that the microenviron-
ment of inner ear stem cells and the interactions between stem
cells and their adjacent cells may play an important role in hair
cell regeneration and functional reconstruction.
The molecular mechanism involved in the differentiation of
inner ear stem cells into inner ear hair cells
The inner ear stem cells are multipotent and can generate three
lineages of pro-sensory, pro-neural and non-sensory cells (Kiernan
et al., 2005; Raft et al., 2007, Fig. 2). The pro-sensory cells can
be induced into cells that express multiple hair cell markers and
functional ion channels speciﬁc for nascent hair cells (Li et al.,
2003). The formation of hair cells is regulated by a series of speciﬁc
transcription factors and signaling pathways (Fig. 2, Chen and
Streit, 2013; Elkan-Miller et al., 2011). Therefore, identiﬁcation and
manipulation of candidate genes should contribute to the control
of hair cell differentiation and provide a theoretical basis for hair
cell regeneration and functional recovery.
The formation of pro-sensory, pro-neural and non-sensory cells
from inner ear stem cells requires the expression of special
transcription factors. Cell speciﬁcation starts with the activation
of the transcriptional program of special genes. The neurogenic
basic-helix-loop-helix transcription factor neurogenin1 (Ngn1) is
required for the speciﬁcation of neuronal fate (Rubel and Fritzsch,
2002). Inactivation of Ngn1 causes a loss of sensory ganglia
neurons (Ma et al., 2000). The transcription factor tbx1 suppresses
the expression of Ngn1, increasing the number of pro-sensory cells
(Raft et al., 2004). Takahashi et al. (Takahashi and Yamanaka, 2006)
found that SOX2 was also required for the speciﬁcation of
Table 1
Speciﬁc markers of inner ear stem cells
Animal source Tissue Speciﬁc markers Reference
Adult mouse Utricle Nestin,Pax-2,BMP-4,BMP-7 Li et al. (2003)
P3 mice Cochlear sensory epithelia Sox2,Pax-2 Yerukhimovich et al. (2007)
P0 mice Cochlear basilar membrane Otx-2,BMP-7,Islet1 Wang et al. (2006)
P7 rat Cochlear basilar membrane Nestin Lou et al. (2007)
P3 mouse Cochlear sensory epithelia Abcg2, Sox2 Savary et al. (2008)
P1 mouse Cochlear sensory epithelia Pax-2, Islet1 Diensthuber et al. (2009)
P3 mouse Cochlear sensory epithelia Abcg2, Musashi-1 Savary et al. (2007)
P1 mouse Cochlear basilar membrane Nestin, Sox2, Musashi Lin et al. (2007)
P1–P3 mice Utricle Otx-2,BMP-4 Oshima et al. (2007)
P1–P3 mice Organ of Corti BMP-4 Oshima et al. (2007)
P1–P3 mice Spiral ganglion Otx-2,Mcm2 Oshima et al. (2007)
P0–P1 rat LER Islet1, HES1, HES5 Zhai et al. (2005)
P1 rat GER Islet2 Zhang et al. (2007)
P0 rat Organ of Corti Nestin Malgrange et al. (2002)
Human embryos Cochlear sensory epithelia Nestin, Sox2 Chen et al. (2007)
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neuronal fate. Wu et al. (Evsen et al., 2013) found that Ngn1 and
Neurod1 (a downstream target of Ngn1) inhibited the transcrip-
tion of SOX2 through a phylogenetically conserved SOX2 enhancer
to mediate neurogenesis. They proposed that SOX2 conferred
neural competency by promoting the expression of Ngn1, and
that negative feedback inhibition of SOX2 by Ngn1 was an
essential step in the progression from neural precursor to nascent
neuron (Fig. 2). Several studies showed that Jagged1 (Daudet and
Lewis, 2005), BMP-4 (Cole et al., 2000), SOX2 (Neves et al., 2007),
FGF (Schimmang, 2007) and IGF-1 (Aburto et al., 2012) participate
in the formation of pro-sensory cells (Fig. 2). Jagged1 and SOX2 are
expressed before sensory cell formation. Deleting Jagged1 or SOX2
led to a signiﬁcant or complete loss of pro-sensory cells (Kiernan
et al., 2005, 2006). The ﬁbroblast growth factor (FGF) signaling
pathway also plays an important role in the induction of pro-
sensory cells (Ladher et al., 2005).
The most important step in cochlear development is the
differentiation of pro-sensory cells into hair cells. A complex series
of genetic signals and pathways are involved in this process, such
as positive regulatory factor Atoh1, negative regulatory factors
Hes1 and Hes5, cyclin, cyclin-dependent kinase (cdk) inhibitors
(CKIs) and the Notch signaling pathway (Fig. 2).
Cell cycle inhibitors
Cell differentiation and withdrawal from the cell cycle are two
tightly coordinated processes during development. The cell cycle is
regulated by mechanisms that also inﬂuence the cell differentia-
tion processes. Cell cycle inhibitors, such as the cyclin-dependent
kinase (Cdk) inhibitors (CKIs) and retinoblastoma (Rb) family
members, control the exit of cells from the cell cycle during inner
ear development (Fig. 2).
The progenitors of both hair cells and supporting cells undergo
terminal division between embryonic days 13 and 14 (E13 and
E14). During this time, two common CKIs are involved in the
development of the inner ear: p27kip1 and p19Ink4d. The expression
of P27kip1 in the progenitors of the primordial organ of Corti
is always accompanied by withdrawal of these cells from the cell
cycle (Chen and Segil, 1999). The expression of short hairpin RNA
targeting p27Kip1 encoded by lentiviral vectors led to a measurable
proliferation in the organ of Corti and an increase of LER cells
(Maass et al., 2013). In mice with a targeted deletion of the p27kip1
gene, the sensory cell progenitors continue to proliferate after
E14, which leads to the appearance of supernumerary hair cells
and supporting cells in the inner ear (Oesterle et al., 2011). The
expression of p27kip1 is rapidly down-regulated in differentiating
hair cells; however, the expression of p27kip1 is persistent in post-
mitotic supporting cells from the mature organ of Corti and this
suggests an important role for p27kip1 in maintaining the quies-
cent state of supporting cells. This implies that the extrication of
cells from p27kip1-induced cell-cycle arrest is sufﬁcient to promote
the proliferation of sensory cell progenitors and may provide an
important pathway for the induction of hair cell regeneration in
the mammalian hearing organ (Lowenheim et al., 1999). P19Ink4d is
another important cyclin-dependent kinase (cdk) inhibitor (CKI).
Both P27kip1 and p19Ink4d cooperate to maintain differentiated
sensory cells in a quiescent state. The targeted deletions of both
p19Ink4d and p27kip1 in animals resulted in the re-entry of post-
mitotic neurons into the cell cycle, with ﬁnal entry into division
and apoptosis. However, when either p19Ink4d or p27kip1 alone is
deleted, the post-mitotic state is maintained, which suggests the
redundant role of these genes in mature neurons. The targeted
deletion of p19Ink4d alone is sufﬁcient to disrupt the post-mitotic
state of sensory hair cells in postnatal mice and hair cells re-enter
the cell cycle and subsequently undergo apoptosis, resulting in
progressive hearing loss (Chen et al., 2003). Therefore, this may be
a new mechanism causing permanent hearing loss.
The generation of hair cells in the inner ear is also regulated by
retinoblastoma protein-Rb. Rb is expressed in post-mitotic undif-
ferentiated precursors and maintains speciﬁc expression in hair
cells of the mature epithelium. The main role of Rb is to maintain
cells in the quiescent state. Inactivation of Rb leads to an aberrant
proliferation of hair cells (Mantela et al., 2005). Weber et al. (2008)
found that ablation of Rb in undifferentiated mouse hair cell
precursors led to the proliferation of cochlear hair cells and the
generation of new hair cells. A small molecule, RRD251, could
disrupt the physical interaction between RB and Raf-1 and block
the phosphorylation of Rb, inhibiting the regeneration of hair cells
from supporting cell proliferation (Lin et al., 2013). Rb is required
for the hair cells of embryonic mammals to exit from the cell cycle
Fig. 2. Schematic depictions of the cell fate decisions that occur during the differentiation of inner ear stem cells. The inner ear stem cells can generate three cell lineages:
pro-neural cells, non-sensory cells and pro-sensory cells. The illustration summarizes some of the factors and signaling pathways required for cell fate decisions. SOX2 and
Neurog1 are required to generate pro-neural cells. Tbx1 suppresses Ngn1 and Neuronal fates. Jagged1, Notch1, SOX2, BMP-4, FGF and IGF-1 are required to generate pro-
sensory cells. Hair and supporting cells are derived from pro-sensory progenitors. Cyclin-dependent kinase (cdk) inhibitors (p27kip1, p19Ink4d and Rb) promote pro-sensory
cell withdrawal from the cell cycle and differentiation into hair and supporting cells. Atoh1, Jagged2 and Delta1 drive pro-sensory cells to develop as hair cells. Brn3c, Espin,
Myosin VI, VIIA and XV play critical roles in the terminal differentiation, maintenance and survival of hair cells. Hes promote generation of supporting cells by antagonizing
the expression of Atoh1. TGF-α promotes trans-differentiation of supporting cells into hair cells.
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but not for their early differentiation (Sage et al., 2006). During
early postnatal development, the hair cells in Rb-null mice con-
tinue to divide and transduce mechanical stimuli. However, adult
Rb-null mice exhibit profound hearing loss due to progressive
degeneration of the organ of Corti. In contrast, many vestibular
hair cells in adult Rb-null mice survive and continue to divide and
function (Huang et al., 2011; Rocha-Sanchez et al., 2011).
Hair cells and their progenitors may exist in hearing damaged
animals. Temporary or permanent inhibition of CKI activity may
induce the generation of new hair cells and supporting cells. This
may provide a new method of treating sensorineural deafness.
Role of Atoh1
Atoh1, a basic helix-loop-helix transcription factor homolog of
the Drosophila atonal gene, is necessary for the production of hair
cells in the mouse inner ear (Woods et al., 2004). Atoh1 mRNAwas
detected in the developing vestibular structures at E12.5. At E13.5,
Atoh1 mRNA was broadly expressed in cells throughout the
presumptive sensory epithelium of the cochlear duct (Ahmed
et al., 2012; Kelly et al., 2012). At postnatal day 0 (P0), the
expression of Atoh1 is restricted to hair cells (Chen et al., 2002).
Atoh1 is required for generation of hair cells. Several studies
showed that the absence of Atoh1 in mice resulted in the complete
disruption of sensory epithelium formation. In the embryonic
Atoh1-null mice, the progenitors for hair cells die at about the
time when they would normally differentiate into hair cells,
and thereby failed to generate cochlear and vestibular hair cells
(Bermingham et al., 1999). In contrast, the over-expression of the
Atoh1 gene in the cochlear non-sensory region also generated hair
cells and supporting cells (Yang et al., 2013). The ectopic hair cells
are derived from columnar epithelial cells, which normally give
rise to inner sulcus cells. The over-expression of Atoh1 in postnatal
rat cochlear explant cultures also results in extra hair cells (Zheng
and Gao, 2000). Hair cells in the vestibular terminal organs of
rats were completely eliminated by trans-scala vestibuli injection
of neomycin. However, the transferal of the Atoh1 gene resulted
in the regeneration of vestibular hair cells and the formation of
synapses (Gubbels et al., 2008; Xu et al., 2012). Atoh1-treated rats
show the regeneration of hair cells and the recovery of vestibular
function after aminoglycoside treatment (Staecker et al., 2007).
Zhao et al. (2011) found that the over-expression of Atoh1-induced
extra hair cells in the middle turn of the organ of Corti cultured
in vitro and did not cause a drastic change in stereociliary bundle
polarity. Yoshikawa et al. (Ouji et al., 2013) introduced Atoh1
into ES cells to achieve efﬁcient generation of hair cell-like cells.
Embryoid bodies (EBs) formed in the absence of doxycycline (Dox)
for 4 days were allowed to grow for an additional 14 days in dishes
with Dox. At the end of the 14-day culture, 10% of cells
expressed the HC-related markers myosin6, myosin7a and Brn3c,
and showed the formation of stereocilia-like structures, whereas
few cells in EB outgrowths grown without Dox showed these
markers.
Notch signaling pathway
Notch signaling critically inﬂuences cell proliferation, differen-
tiation and apoptosis by lateral inhibition in many tissues. Both the
Notch receptor and its ligands are highly conservative trans-
membrane receptor proteins (Bray, 2006) (Fig. 3A). The Notch
trans-membrane receptor molecule is activated via direct interac-
tion with trans-membrane ligands expressed on the surface of
adjacent cells. This interaction results in proteolytic cleavage of
Notch receptors to release the Notch intracellular domain (NICD)
(Fig. 3B). The released NICD migrates into the nucleus and
combines with the RBP-JK family to form transcriptional
activators. At this time, target genes, such as Hairy and Enhancer
of Split (Hes) bHLH transcriptional repressor, initiate expression
(Fig. 3C). Hes suppresses the expression of downstream target
genes, such as tissue-speciﬁc transcriptional activators, and ulti-
mately affects cell differentiation, proliferation and apoptosis).
Thus, HES/Hey directly affects cell fate decisions as a primary
Notch effector (Iso et al., 2003; Kageyama et al., 2007; Murata et
al., 2012).
Notch signaling plays a pivotal role in the differentiation of hair
cells and supporting cells by mediating lateral inhibition (Fig. 4).
There are four Notch receptors (Notch1-4) and ﬁve Notch ligands
(Delta1, Delta3, Delta4, Jagged1 and Jagged2) in mammals
(Kiernan, 2013) (Fig. 3A). Genetic deletion of Jagged2 results in a
signiﬁcant increase in sensory hair cells, presumably as a result of
a decrease in Notch activation (Lanford et al., 1999). In the absence
of Delta1, auditory hair cells develop early and in excess, in
agreement with the lateral inhibition hypothesis (Brooker et al.,
2006). Over-activation of NICD (Notch1 intracellular domain) at
embryonic day 10.5 (E10.5) generated ectopic hair cells in the non-
sensory regions of both the utricle and cochlea, whereas ectopic
HCs only appeared in the utricle during over-activation of the
Fig. 3. Molecular steps involved in Notch signaling. (A) Five trans-membrane
ligands (Jagged1, Jagged2, Delta-like1, Delta-like3 and Delta-like4) and four Notch
receptors (Notch 1–4). (B) Notch signaling is activated upon cell-to-cell contact as a
result of interactions between Notch receptors and their ligands. At the molecular
level, triggering of the Notch receptor by ligand binding promotes two proteolytic
cleavage events at the Notch receptor. The ﬁrst cleavage is catalyzed by the
ADAM-family of metalloproteases, whereas the second cleavage is mediated by
γ-secretase. The second cleavage releases the Notch intracellular domain (NICD),
which then translocates to the nucleus and acts as a transcriptional coactivator.
(C) In the nucleus, NICD interacts with RBP-J and recruits a coactivator complex
composed of Mastermind (MAML-1) and other chromatin modifying transcription
factors resulting in the transcriptional activation of Notch target genes (Hes, Hey,
and other genes).
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NICD at E13. When NICD was over-activated at postnatal day 0
(P0) and P1, no ectopic HCs were observed in either the utricle or
cochlea (Liu et al., 2012). The expression of the activated Notch1
receptor (NICD) using a combined Tet-On/Cre induction system
in mouse resulted in the production of ectopic hair cells and
supporting cells in the non-sensory regions of cochlea and
vestibule (Pan et al., 2010). Treatment of cochlear cultures with
Notch1 antisense oligonucleotides results in the overproduction of
hair cells in the cochlea (Zine et al., 2000). When Notch signaling is
inhibited by a γ-secretase inhibitor, such as DAPT, L-685458,
MDL28170, or LY411575, the new hair cells can be induced, and
the hearing of ears damaged by noise trauma can be recovered
partially (Mizutari et al., 2013). DAPT can prevent the release of the
Notch intracellular domain. Therefore, the treatment with DAPT
resulted in the down-regulation of the Notch effectors Hes1
and Hes5 (Slowik and Bermingham-McDonogh, 2013), enhanced
Atoh1 transcriptional activity and dramatically increased the
number of Atoh1-expressing cells and hair cells (Lin et al., 2011).
Hes antagonizes the expression of Atoh1, which is crucial for the
inhibition of hair cell differentiation (Li et al., 2008). The targeted
deletion of Hes5 results in a signiﬁcant increase in the number of
OHCs and leads to the formation of supernumerary hair cells in the
vestibular system (Zine et al., 2001). Treating cochleae with siRNA
to Hes1 associated with a transfection reagent or siRNA to Hes1
delivered by PLGA nanoparticles decreased the expression of Hes1
mRNA and up-regulated the expression of Atoh1 mRNA, which
allowed supporting cells (SCs) to acquire a hair cell fate (Du et al.,
2013). There are more supernumerary hair cells in Hes1/Hes5
double knock-out mice than in Hes1 single knock-out mice. These
data indicate that Hes1 and Hes5 work together to control inner
ear hair cell production (Zheng et al., 2000a).
Recent experiments showed that Jagged1 is expressed early in
the sensory patches prior to cell differentiation, indicating that
Jagged1-mediated Notch signaling has a prior function – the
inductive formation of pro-sensory patches. Jagged1 is required
for the normal development of all six sensory organs within the
inner ear (Kiernan et al., 2006). Jagged1-mediated Notch signaling
regulates the production of hair cells in a distinct way rather than
the lateral inhibition mediated by Hes1 and Hes5. Jagged1 may
interact with Notch3, probably via candidate downstream media-
tors Hesr1 and Hesr2, and thereby regulate pro-sensory formation
in early stages (Hao et al., 2012). In the Jagged1-null mouse, the
total number of hair cells is reduced, with a complete loss of
cochlear outer hair cells and some groups of vestibular hair
cells. The number of cochlear inner hair cells, however, is almost
doubled (Brooker et al., 2006).
In summary, Notch signaling plays a role in the regulation of
the number of cells that will develop as hair cells or supporting
cells (Fig. 4).
The molecular mechanism involved in survival and maturation
of inner ear hair cells
While many studies on hair cell fate determination have been
conducted, few parallel studies have been performed on the survival
and maturation of hair cells. A series of factors are involved in the
regulation of maturation, maintenance and survival of inner ear hair
cells. Following commitment and concomitant initiations of Jag2 and
Dll1, the developing hair cells begin to express a group of transcrip-
tion factors that are required for hair cell survival and maturation.
One of these factors is Brn3c. Brn3c is required for maturation and
survival of inner ear hair cells, but not for fate determination and
proliferation of these cells (Xiang et al., 1998). In mice with a
targeted deletion of Brn3c, the cells at the normal location of the
inner and outer hair cells fail to show early signs of differentiation,
including growth of stereocilia and clear segregation of cell nuclei to
a plane above the level of the supporting cell nuclei (Erkman et al.,
1996). Therefore, mice with a targeted deletion of the Brn3c gene are
deaf and have impaired balance (Xiang et al., 1997). Moreover, over-
expression of Brn3c in GER cells failed to induce the production of
supernumerary hair cells (Zheng and Gao, 2000). Gﬁ1 is a direct
target of Brn3c in the cochlea. Deletion of Gﬁ1 leads to a degenera-
tion of hair cells by the early postnatal period (Hertzano et al., 2004).
Barhl1, another important factor for hair cell survival, is ﬁrst
expressed in the developing hair cells at E14.5 and is maintained
through at least P5. In Barhl1 mutants, outer hair cells in the apex of
the cochlea begin to degenerate after P6. However, inner hair cells
are normal in all three turns at P6. By P19, the degeneration of outer
hair cells has extended to the middle and apical turns. By P59, all of
the outer hair cells in the apical and middle turns have been lost. In
contrast, the degeneration of inner ear hair cells does not occur until
approximately P300 (Li et al., 2002). All these results suggest that
Brn3c and Gﬁ1 regulate hair cell maturation and/or survival, while
Barhl1 is most likely exclusively involved in hair cell survival (Fig. 2).
An important component of hair cells is the stereociliary
bundle. The hair bundle is an exquisitely sensitive oscillation
detector and movements as small as 1 nm may result in hair cell
potential changes (Robles and Ruggero, 2001). Since the stereocilia
are composed of polymerized actin ﬁlaments, members of the
myosin family are involved in the dynamic state of polymerization.
Myosin VI, VIIA and XV are three types of unconventional myosin.
Fig. 4. The molecular mechanism of pro-sensory cell differentiation into hair cells
and supporting cells. Following terminal mitosis, some of the pro-sensory cells
begin to express Atoh1. The Atoh1 positive cells will up-regulate the expression of
Notch ligands (Jagged2 or Delta1) and develop into hair cells. Expression of a Notch
ligand leads to activation of Notch signaling in adjacent cells. As a result, Hes1 and
Hes5 are expressed in neighboring cells that ultimately develop into supporting
cells. Lineage studies using Atoh1-cre show a subset of supporting cell progenitors
transiently express Atoh1, but are then diverted to a supporting cell fate by Notch
signaling.
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They play vital roles in the formation of the stereociliary bundle.
Myosin VIIA is a motor protein that translates along actin ﬁla-
ments (Udovichenko et al., 2002) and is responsible for maintain-
ing the sensitivity of the mechanoelectric transduction channel
(Kros et al., 2002). Mutations in myosin VIIA lead to the progres-
sive disorganization of the stereociliary bundle, while mutant
myosin XV results in short stereocilia and mutant myosin VI leads
to the progressive fusion of hair cell stereocilia (Steel and Kros,
2001). Espins are actin-bundling proteins that were shown to be
directly involved in stereociliary growth and length maintenance
by stabilizing actin ﬁlaments. In the epsin null mouse, hair cell
stereocilia develop but rapidly lose their stiffness, become shorter
and ﬁnally degenerate (Zheng et al., 2000b, Fig. 4).
The interplay between factors involved in the differentiation
and developmental progress of inner ear hair cells from inner
ear stem cells
Based on the results described above, differentiation and
developmental progress of inner ear hair cells from inner ear stem
cells can be divided into three stages: speciﬁcation of the pro-
sensory cells, speciﬁcation of hair cell fate and maturation of hair
cells (Fig. 2). Individual factors involved in the distinct steps of
inner ear development have been identiﬁed, and describing the
interplay between these factors is very important for understand-
ing the molecular mechanism of differentiation and development
of inner ear cells.
In the mouse, the speciﬁcation of cell types in the inner ear
proceeds sequentially and in a precise spatial pattern. Previous
studies demonstrated that jagged1-mediated Notch signaling,
SOX2, BMP-4, FGF and IGF-1 are essential for establishing the
pro-sensory regions of the inner ear during early development
(Fig. 2). But until now, little was known about the molecular
mechanisms that are involved in establishing the pro-sensory
lineage. Prior to E12, the ﬂoor of the cochlear duct is composed
of actively proliferating epithelial cells. Notch1, Jagged1 and SOX2
are expressed in all cells within the presumptive cochlear sensory
epithelium. Cells that will give rise to the organ of Corti are already
positive for the transcription factor SOX2 and are termed pro-
sensory cells (Kiernan et al., 2005, Fig. 2).
After E12, the pro-sensory cells begin to exit the cell cycle
and become permanently post-mitotic due to the expression of
cell cycle inhibitors (p27kip1, p19Ink4d and Rb). Therefore, the pro-
sensory cells of mammals have no ability to proliferate, which is
responsible for the inability to regenerate hair cells. By E14, the
entire population of SOX2-positive cells is also positive for p27kip1
(Chen and Segil, 1999). Following terminal mitosis, or possibly
slightly overlapping it, some pro-sensory cells begin to express
Atoh1. Atoh1 is the earliest expressed gene that is sufﬁcient for
hair cell formation. It should be noted that the expression of Atoh1
is dependent on SOX2, suggesting that SOX2 could act upstream of
Atoh1. Soon after the onset of Atoh1 expression, individual
developing hair cells begin to express two members of the Notch
signaling pathway, Jagged2 and Delta1 (Morrison et al., 1999).
Jagged2 and Delta1 bind to Notch receptors and activate Notch
signaling. As a result, Hes1 and Hes5 are expressed in neighboring
cells that ultimately develop into supporting cells. The expression
of Hes5 in supporting cells is dependent on the expression of
Jagged2 in the developing hair cells (Lanford et al., 2000, Fig. 4).
Lineage studies using Atoh1-cre clearly show only a subset of
supporting cells are derived from the Atoh1 lineage. Some differ-
entiating progenitors transiently express Atoh1, but are then
diverted to a supporting cell fate by Notch signaling(Yang et al.,
2010) (Fig. 4).
At E16-E17, the activated expression of Notch1, Jagged1, p27
and Hes5 are localized in the supporting cells (Bermingham et al.,
1999; Kiernan et al., 2005; Lanford et al., 2000), and the expression
of SOX2 is much higher in the supporting cells than in the
hair cells. SOX2 disappears completely from hair cells by P0, but
is retained in the supporting cells throughout maturity (Dabdoub
et al., 2008; Oesterle et al., 2008). Between postnatal day 0 (P0)
and P3, the expression of genes speciﬁc for hair cell fate, Atoh1,
Delta1 and Jagged2, is selectively down-regulated in the develop-
ing hair cells and is no longer detected in the organ of Corti by P7
(Lanford et al., 2000; Murata et al., 2006). Meanwhile, Notch1 and
Hes5 are down-regulated in the differentiated supporting cells,
while expression of SOX2, p27 and Jagged1 are retained through-
out maturity (Chen and Segil, 1999; Lanford et al., 2000; Oesterle
et al., 2008).
In the organ of Corti, each step in the speciﬁcation of a deﬁned
cell type involves not only a single molecule but also the combined
actions of several molecules that may have different functions
(Fig. 4). Therefore, we need to not only determine which mole-
cules are involved but also to understand how these molecules
interact with one another in a structural and temporal frame-
work guiding the differentiation and maturation of hair cells and
supporting cells.
Conclusion
In humans, the high incidence of the condition and non-
renewability of inner ear hair cells make deafness a serious social
problem. Hearing impairment is mainly caused by damage to
hair cells or sensory cells in the cochlea. The inner ear stem
cells harbored in the cochlear organ of Corti and the vestibule of
postnatal animals can proliferate and differentiate into inner ear
hair cells under speciﬁc conditions. Inner ear stem cells are
multipotent and can give rise to a variety of cell types in vitro
and in vivo. This implies a possible use of inner ear stem cells in
treating sensorineural deafness.
A series of speciﬁc molecules and signaling pathways partici-
pate in the differentiation of inner ear stem cells into hair cells. It is
important to understand the molecular mechanisms of inner
ear stem cells that give rise to pro-sensory cells and guide their
subsequent differentiation into either hair cells or supporting cells.
Many of the individual molecules involved in the differentiation
and development of hair cells have been identiﬁed using mutant
or gene knock-out mice. The challenge for future investigations
will be to explore the interplay of these molecules and signaling
pathways. Future therapies for hearing loss will beneﬁt from
increased knowledge of the molecular mechanisms regulating
the generation of hair cells from inner ear stem cells.
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